Abstract. The paper discusses the possibility to improve temperature and noise characteristics of fluxgate variometers. The new fluxgate sensor with a Co-based amorphous ring core is described. This sensor is capable to improve the signal-to-noise ratio at the recording short-period geomagnetic variations. Besides the sensor performance, it is very important to create the high stability compensation field, which is cancelling the main Earth magnetic field inside the magnetic cores. For this purpose the new digitally controlled current source with low noise level and high temperature stability is developed. 
suppress magnetic noise of amorphous alloy is a proper annealing procedure. The ten-fold noise level improving is possible by selection an optimal annealing temperature. However, we found also that the sensor zero offset and its temperature dependence often considerably degrade after annealing. It was experimentally found that an amorphous alloy with the lower optimal annealing temperature usually could provide lower and more stable zero offset. As a result of this approach a new amorphous ring core fluxgate sensor (conventionally named FGS32/11) had been recently developed. The sensor consists of a 32 mm diameter 5 fiberglass bobbin with 11 turns of Co-based 0.03 mm thick and 3 mm wide tape annealed at 710 K. Besides the excitation winding it contains the two sectoral measuring winding for sensing two orthogonal components of the magnetic field. The sensor was tested at the following excitation parameters: driving frequency f ex = 7.5 kHz, the amplitude of the driving pulses H m = 6.8 kA m , and the relative width of these pulses α ex = 0.4. The zero offset stability and the noise level measurements were conducted in a 4-layer magnetic shield. The zero offset short-term drift lies within 40 pT during 7 hours. The sensor noise 10 level estimations are given in Fig. 1 , where for comparison purposes noise spectral density of the 1-second INTERMAGNET magnetometer LEMI-025 as well as typical geomagnetic spectrum are presented. The achieved noise level (≤1 pT Hz −1 at 1 Hz) is three times less than that of LEMI-025, what could provide better signal-to-noise ratio especially at measurements of short-period geomagnetic variations. The zero offset variations, also measured in the magnetic chamber, do not exceed ±1 nT during sensor temperature excursions in the range +5
• C to +35
• C, what is comparable with the best permalloy sensors. Due to 15 the excellent noise level, low zero offset short-term drift and good temperature stability, this sensor is very promising for using in 1-second INTERMAGNET variometers.
Besides the sensor performance, it is very important to create the high stability compensation field, which is canceling the main Earth magnetic field inside the magnetic cores. The possibility of constructing a digitally controlled current source (DCCS) with temperature and noise characteristics consistent with the parameters of the best modern fluxgate sensors are considered in 20 the next section.
Development of digitally controlled current source
For the postulated goal achievement, following noise characteristics of the compensation field were posed: noise level no more than 0.5; 1.5 and 5 pT Hz . The digitally controlled current source, which consists of a voltage reference (VR), a digital-to-analog converter (DAC) and current-to-voltage converter, is analyzed.
Analysis of the literature reveals that the problem of creating a stable electric current is associated with relatively high noise level of semiconductor voltage sources. Ciofi et al. (1997) showed that radical noise reduction can be achieved using chemical 30 current source; in the paper (Scandurra et al., 2014) reference voltage noise reduction was achieved using a low-pass filter that is based on supercapacitors. The current sources' noise characteristics achieved in (Ciofi et al., 1997; Scandurra et al., 2014) meet the requirements to the DCCS (Table 1 ). Table 1 also shows that the noise of the current source (Costa et al., 2012 ), Geosci. Instrum. Method. Data Syst. Discuss., doi:10.5194/gi-2017 -12, 2017 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. Discussion started: 6 March 2017 c Author(s) 2017. CC-BY 3.0 License. which is built using semiconductor voltage reference, several times exceed specified limits. Devices that developed by Ciofi et al. (1997); Scandurra et al. (2014) , are designed to work in the laboratory in a relatively narrow temperature range. The stability of these current sources under the temperature, time and other factors of influence is not given, but we can assume that, for example, voltage of galvanic elements and supercapacitor parameters could significantly depend on the temperature and mechanical stress. Table 2 , which is mainly filled with data taken from ). An indisputable leader within all specified ) is due to crystal controlled heating and maintaining its operation temperature in a very narrow range. Taking 15 into account the significant power consumption, this way is not always acceptable in FGM and may be unreasonable due to thermal instability of other units of the VR.
Experimental research of three samples of VR showed significant nonlinearity of the temperature dependence of the output voltage U REF in the temperature compensation mode without temperature stabilization (Fig. 2) , especially at the edges of the temperature range. According to Tsividis (1980) and computer modeling of the VR circuit ( (Fig. 4) . Further it is planned to get temperature characteristics of the modified circuit in a wider temperature range, and specify parameters of the LTZ1000 to obtain more reliable results of computer simulation.
3.2 DAC configuration -bipolar vs. unipolar reference input Table 3 shows the noise level of output currents at the various points in the range: at zero ("I out = 0" column), at the minimum ("I out = I min " column) and at the maximum values ("I out = I max " column). The values of the noise level, which exceed given limits, are marked in bold. Overpassing the requirements at a frequency of 1 Hz for both cases is caused by the voltage reference noise. The noise of the AD5791 configured with an unipolar reference input (Fig. 5, Circuit 2) is considerably bigger than that of the version with a bipolar reference input and exceeds the requirements at zero and minimum values of the 25 output current. Probably, this is due to the additional 1/f noise generated by the resistors R 1 , R F B (see Fig. 5 , Circuit 2) when a larger current is flowing through them. At the bipolar input configuration (Fig. 5 , Circuit 1) these resistors are excluded from the signal pass and can not contribute an excessive noise. So, for better noise characteristics achievement, the AD5791 has to be connected in the version of the bipolar voltage reference input.
The temperature stability of the DCCS

30
The two prototypes of the DCCS with AD5791 configured for a bipolar reference input were intensively tested in order to estimate the temperature dependences of both the separate units and the device in whole. The measurements were carried out at the five values of the DAC input code: 0x100000 ( Let the DAC output voltage be given by expression
where S DAC = 0 . . . 1 -transformation factor of the DAC.
It could be shown, that the relative deviation δS inv of the voltage inverter scale factor S inv leads to inconsistency of the positive 
From other side the DAC output voltage could change due to the drift of the reference voltage U REF P and imperfection of the internal components of the AD5791. In order to estimate full-scale and zero-scale error temperature coefficients of the AD5791 we measured simultaneously
and U DAC during the temperature tests and applied necessary corrections during post-processing. For instance, we estimated AD5791 zero-scale error temperature coefficient
and U DAC (0) at at the nominal zero DAC output (input code 0x17FFFF, S DAC = 0.5). Then we calculated
and analyzing sum (δU DAC (0) + 0.5δS inv ) found zero-scale error temperature coefficient of the AD5791. The results of such measurements for the DCCS #1 are given in Fig. 6 . The total temperature drift of the DAC output voltage δU DAC (0) (markers "♦" in Fig. 6 ) is mainly caused by instability of the voltage reference inverter (markers " " in The voltage-to-current converter transforms the DAC output voltage U DAC = −7.2 · · · + 7.2 V into the output current I out = −3.6 . . . + 3.6 mA. As expected, the main contribution to the temperature drift of the transformation factor S ui comes from the resistor R ui , which was combined from the three surface mount resistors VSMP0805 680 Ohm connected in series. The temperature tests of the voltage-to-current converter in the DCCS #1 are given in Fig. 7 . The temperature drift of the converter 30 zero-offset (at U DAC = 0 V, markers "•" in Fig. 7 ) does not exceed 5 ppm in the temperature range from -60
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and is negligible in comparison with the temperature drift of the transformation factor. The similar results were obtained for the converter in the DCCS #2, but the transformation factor temperature dependence was much more non-linear. The temperature tests of the resistors, conducted without removing them from the boards, had confirmed that R ui1 and R ui2 depend on temperature in different ways (Fig. 8 ) and temperature characteristics of R ui2 is not compatible with data sheet specifications (Vishay Precision Group, Inc., 2016) . Probably, the reason of the R ui2 unexpected temperature dependence was a mechanical 5 strain occurred, when the resistors were soldered at the board. The repeat temperature tests of the same resistors re-soldered in order to minimize possible package deformation reveal considerable change of the resistance temperature characteristic (see Fig. 8 ), which become more linear and similar to the data sheet curve. references LTZ1000 exhibits considerable non-linearity of the temperature dependence in the uncontrolled temperature mode.
The curvature-compensating circuitry is proposed. The source of the extra noise in the digital-to-analog converter AD5791 is revealed and the appropriate configuration of its inner structure is selected. It is supposed that the application of the discussed in the paper results and recommendations will allow creating an FGM with outstanding level of noise and temperature parameters.
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